Adaptation of wild-type p53 expressing UKF-NB-3 cancer cells to the murine double minute 2 inhibitor nutlin-3 causes de novo p53 mutations at high frequency (13/20) and multi-drug resistance. Here, we show that the same cells respond very differently when adapted to RITA, a drug that, like nutlin-3, also disrupts the p53/Mdm2 interaction. All of the 11 UKF-NB-3 sub-lines adapted to RITA that we established retained functional wild-type p53 although RITA induced a substantial p53 response. Moreover, all RITA-adapted cell lines remained sensitive to nutlin-3, whereas only five out of 10 nutlin-3-adapted cell lines retained their sensitivity to RITA. In addition, repeated adaptation of the RITA-adapted sub-line UKF-NB-3 r RITA 10 lM to nutlin-3 resulted in p53 mutations. The RITA-adapted UKF-NB-3 sub-lines displayed no or less pronounced resistance to vincristine, cisplatin, and irradiation than nutlin-3-adapted UKF-NB-3 sub-lines. Furthermore, adaptation to RITA was associated with fewer changes at the expression level of antiapoptotic factors than observed with adaptation to nutlin-3. Transcriptomic analyses indicated the RITAadapted sub-lines to be more similar at the gene expression level to the parental UKF-NB-3 cells than nutlin-3-adapted UKF-NB-3 sub-lines, which correlates with the observed chemotherapy and irradiation sensitivity phenotypes. In conclusion, RITA-adapted cells retain functional p53, remain sensitive to nutlin-3, and display a less pronounced resistance phenotype than nutlin-3-adapted cells.
Subject Category: Cancer p53 is activated in response to DNA damage and other stress stimuli and can cause cell-cycle inhibition, DNA repair, and cell death, respectively. Most cytotoxic anticancer drugs exert their effects under the involvement of p53 activation if the functional gene is expressed, which is the case in about 50% of all tumours. In addition, a number of compounds that were designed to activate p53 in cancer cells without causing DNA damage ('non-genotoxic p53 activators') are under preclinical and clinical investigation as anticancer drugs. 1, 2 Given that therapeutically applied DNA damage may favour chromosomal instability, mutations, and resistance formation and also support the development of secondary malignancies through introduction of additional mutations, therapeutic strategies that induce apoptosis and growth arrest in a non-genotoxic way have been considered very promising.
Some of the non-genotoxic p53 activators, including the molecules nutlin-3 and RITA, interfere with the interaction of p53 and its endogenous regulator murine double minute 2 (MDM2, in humans also called HDM2). MDM2 is a ubiquitin E3 ligase that binds to p53. Thereby, MDM2 impairs the transactivation function of p53 and targets it for proteasomal degradation. Consequently, small molecules that impair or disrupt the p53/MDM2 interaction result in the accumulation of transcriptionally active wild-type p53. It has to be mentioned that although designated as 'non-genotoxic' p53 activators, both RITA and nutlin-3 have been shown to induce DNA damage in the meantime. [3] [4] [5] Recently, we and others have shown that treatment of cancer cells with nutlin-3 induces p53 mutations in p53 wild-type cancer cells from different entities. 6, 7 Moreover, p53 wild-type cancer cell adaptation to nutlin-3 results in a multi-drug resistance phenotype and decreased cellular sensitivity to irradiation. 7, 8 Repeated adaptation of a single p53 wild-type cell-derived clone of the neuroblastoma cell line UKF-NB-3 to nutlin-3 resulted in the establishment of sub-lines harbouring various p53 mutations, indicating nutlin-3 to induce de novo p53 mutations. 7 However, it remains unclear whether the induction of p53 mutations and the emergence of multi-drug resistance are a specific feature of nutlin-3 treatment or a common attribute of the whole class of agents that interfere with the interaction of MDM2 and p53.
In this study, we investigated the long-term effects of the non-genotoxic p53 activator RITA that inhibits the p53/MDM2 interaction by binding to p53. We employed the same wildtype p53 expressing neuroblastoma cell line UKF-NB-3 that we have used previously to study adaptation to nutlin-3. 7 Here, we show that -unlike the MDM2 inhibitor nutlin-3 continuous treatment with RITA does not induce loss-offunction mutations in the TP53 gene. In further contrast to nutlin-3 treatment, cells adapted to RITA displayed no or minor multi-drug resistance phenotypes and a substantially lower degree of resistance to irradiation. Moreover, RITAadapted cells remain responsive to nutlin-3.
Results
UKF-NB-3 neuroblastoma cells adapted to RITA retain functional p53. UKF-NB-3 cells were adapted to growth in the presence of RITA 10 mM in 11 independent experiments. The resulting UKF-NB-3 sub-lines were designated as UKF-NB-3 r RITA 10 mM as well as UKF-NB-3 r RITA 10 mM I-X (Table 1) . Adaptation was performed by UKF-NB-3 cell cultivation in increasing RITA concentrations as described before for cancer cell adaptation to other drugs. 7, 9 Only one RITAresistant UF-NB-3 sub-line (UKF-NB-3 r RITA 10 mM IV) carried a (heterozygote A76T) p53 mutation (Table 1) .
Codon 76 is located in the proline-rich domain of p53, a region that is rarely affected by mutations in cancer. Indeed, only one study has reported an A76T mutation that was found in benign breast tissue (Kandel et al 11 ; http://www-p53.iarc.fr/). Interestingly, UKF-NB-3 r RITA 10 mM IV cells were as sensitive to nutlin-3 treatment as parental UKF-NB-3 cells (Table 1) with nutlin-3 treatment resulting in the induction of p53 response gene expression in these cells (Figure 1 ). In accord with a study in yeast, 11 this suggests that the observed A76T mutation has no or only minimal impact on the activity of p53. Collectively, these data demonstrate that adaptation to RITA does not promote inactivation of p53 by mutation. In strong contrast, we have shown recently that adaptation to nutlin-3 in the same cell line has resulted in inactivating mutations in 13 out of 20 sub-lines. 7 Previously, we have shown that the G245C p53-mutated nutlin-3-adapted UKF-NB-3 sub-line UKF-NB-3 r Nutlin 10 mM retains its resistance phenotype after multiple passages in the absence of nutlin-3. 7 Here, we cultivated the investigated RITA-adapted UKF-NB-3 sub-lines for 10 passages in the absence of RITA. As a control, we also cultivated 10 nutlin-3-adapted UKF-NB-3 sub-lines (five p53-mutated, five p53 wild-type) for 10 passages without adding nutlin-3. All of the nutlin-3-adapted cell lines remained nutlin-3 resistant, independently of their p53 status. In contrast, 2 out of the 11 RITA-adapted cell lines (UKF-NB-3 r RITA 10 mM III, UKF-NB-3 r RITA 10 mM VII) retrieved their RITA sensitivity (Supplementary Table 1 ).
RITA-adapted cells remain sensitive to nutlin-3. Next, we determined cross-resistance profiles between the RITAadapted UKF-NB-3 sub-lines and the nutlin-3-adapted UKF-NB-3 sub-lines ( Table 1 ). The RITA concentrations that decreased the viabilities of the RITA-adapted cell lines by 50% (IC 50 ) were about 60-120-fold higher than the RITA IC 50 in UKF-NB-3 cells (0.10 mM). None of the RITA-adapted sub-lines (including the A76T p53-mutated sub-line UKF-NB-3 r RITA 10 mM IV) showed cross-resistance to nutlin-3. Moreover, when the RITA-adapted UKF-NB-3 cell line UKF-NB-3 r RITA 10 mM was adapted to nutlin-3 in six independent experiments, we found p53 mutations in four sub-lines whereas only two sub-lines retained a wild-type p53 sequence (Supplementary Table 2 ). One nutlin-3-adapted sub-line of UKF-NB-3 r RITA 10 mM harboured a heterozygote N239D mutation, one a heterozygote R280I mutation, and two harboured heterozygote C277F mutations. These results demonstrate that, even after adaptation to the p53 activator RITA, exposure to the MDM2 inhibitor nutlin-3 exerts a strong selection pressure favouring p53 mutations.
Four out of five p53-mutated nutlin-3-adapted UKF-NB-3 sub-lines displayed decreased sensitivity to RITA, supporting the importance of wild-type p53 for RITA-induced toxicity. IC 50 values in these sub-lines ranged from 0.40 to 0.63 mM (compared with 0.10 mM in the parental UKF-NB-3), whereas only one p53-mutated sub-line (UKF-NB-3 r Nutlin 10 mM VI) was as sensitive to RITA as the parental cells. Consistently, all but one (UKF-NB-3 r Nutlin 10 mM II) of the nutlin-3-adapted sub-lines expressing wild-type p53 were as sensitive to RITA as the parental cells (Table 1) .
RITA-adapted cells display a less pronounced resistance phenotype than nutlin-3-adapted cells. Adaptation of UKF-NB-3 cells to nutlin-3 results in decreased sensitivity to a panel of different cytotoxic drugs and to irradiation as determined in the p53 (G245C)-mutated sub-line UKF-NB-3 r Nutlin 10 mM . 7 To test whether adaptation to RITA is associated with a similar multi-drug resistance phenotype, we compared the sensitivities of the 11 RITA-adapted UKF-NB-3 sub-lines and 10 additional nutlin-3-adapted UKF-NB-3 sub-lines to vincristine (VCR) and cisplatin (CDDP; 10 mM VII, 154.0 ng/ml) than the UKF-NB-3 cells (99.8 ng/ml), whereas all nutlin-3-adapted sub-lines showed significantly enhanced IC 50 values ranging from 145.5 to 312.6 ng/ml with the exception of UKF-NB-3 r Nutlin 10 mM V (112.2 ng/ml) ( Table 1) . Interestingly, the multi-drug resistance phenotype observed in the nutlin-3-adapted UKF-NB-3 sub-lines appears more similar to the multi-drug resistance phenotypes observed in cell lines adapted to cytotoxic drugs than the low-level crossresistance patterns observed in the RITA-adapted sub-lines. Investigation of the sensitivity of a panel of UKF-NB-3 sublines adapted to the cytotoxic agents CDDP, doxorubicin (DOX), melphalan (MEL), or VCR displayed generally decreased sensitivity to CDDP and VCR (Supplementary Table 3 ).
RITA-adapted cells display lower irradiation resistance than nutlin-3-adapted cells. Previously, we showed that the nutlin-3-adapted sub-line UKF-NB-3 r Nutlin 10 mM is highly resistant to irradiation when compared with the parental UKF-NB-3 cell line. 7 Here, the investigated RITA-and nutlin-3-adapted cell lines were irradiated with 3, 5, or 8 Gy, respectively, and cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 48 h post-irradiation. Across all doses, the sensitivity to irradiation was substantially lowered in all cell lines adapted to nutlin-3 when compared with the parental UKF-NB-3 cells (Table 2 ). For example, the cell viability (expressed relative to non-irradiated control) ranged from 64.64 ± 2.36% (UKF-NB-3 r Nutlin 10 mM V) to 86.73 ± 4.22% (UKF-NB-3 r Nutlin 10 mM III) after 5 Gy irradiation whereas it was 0.36±0.26% for UKF-NB-3 cells. In this regard, nutlin-3-adapted cells again behaved similar to UKF-NB-3 sub-lines adapted to genotoxic agents (CDDP, DOX, and VCR) that also showed significant resistance to radiation (Supplementary Table 4 ). Of note, there was no correlation between the p53 status (wild type or mutant) and irradiation sensitivity in the nutlin-3-adapted cell lines (Table 2) .
In contrast, RITA-adapted cells showed only moderate resistance to irradiation with the observed effects being significantly less profound than in the nutlin-3-or cytotoxic drug-adapted cells. After 5 Gy irradiation, viabilities ranged from 3.89 ± 2.30% (UKF-NB-3 r RITA 10 mM IX) to 38.16 ± 4.37% (UKF-NB-3 r RITA 10 mM II) ( Table 2) .
RITA induces p53 activation and apoptosis in UKF-NB-3 cells. The effects of RITA on p53 activation and apoptosis were studied in UKF-NB-3 cells, the RITA-adapted sub-line UKF-NB-3 r RITA 10 mM (harbouring wild-type p53), and the nutlin-3-adapted sub-line UKF-NB-3 r Nutlin 10 mM (harbouring G245C mutant p53) upon treatment with RITA and nutlin-3, respectively (Figure 2 ). In the parental cells, RITA 10 mM as well as nutlin-3 10 mM induced accumulation and phosphorylation of p53 at serine 15, which both are hallmarks of p53 activation. In addition, both drugs increased expression of the p53 target genes CDKNA1 (encoding for p21), BAX, BBC3 (encoding for PUMA), and MDM2 with nutlin-3 clearly exerting more pronounced effects. These results confirm that, as expected, both drugs activate wild-type p53. In line with their p53 status (mutated) neither nutlin-3 nor RITA induced a p53 response in UKF-NB-3 r Nutlin 10 mM cells. However, nutlin-3 treatment resulted in a robust p53 response in UKF-NB-3 r RITA 10 mM cells (Figure 2a ) indicating that adaptation to RITA does not abolish the functionality of p53. These data show that RITA-adapted cells although resistant to the p53 activator RITA remain sensitive to p53 activation by the MDM2 inhibitor nutlin-3.
Both substances induced apoptosis in UKF-NB-3 cells as indicated by Poly (ADP-ribose) polymerase (PARP) cleavage (Figure 2b ) and caspase 3 activation (Figure 2d ). Consistent to the IC 50 values measured before (Table 1) RITA retained its ability to elicit apoptosis in UKF-NB-3 r Nutlin 10 mM cells. Similarly, nutlin-3 caused apoptosis in UKF-NB-3 r RITA 10 mM cells (Figures 2b and c) .
To corroborate the importance of wild-type p53 for apoptosis induced by nutlin-3, we had previously shown that transduction of UKF-NB-3 r Nutlin 10 mM cells with a lentiviral vector encoding for wild-type p53 (UKF-NB-3 r Nutlin 10 mMwtp53 ) resulted in their re-sensitisation to nutlin-3. 7 Similarly, wtp53-re-expressing UKF-NB-3 r Nutlin 10 mMwtp53 cells were significantly more sensitive to RITA when compared with UKF-NB-3 r Nutlin 10 mM cells ( Table 3 ), suggesting that wildtype p53 function accounts for the major part of RITA-induced cytotoxicity. Collectively, these experiments demonstrate that RITA and nutlin-3 both elicit apoptosis via p53.
To characterise the differences underlying the different phenotypes of UKF-NB-3 cells adapted to RITA and nutlin-3, respectively, we looked at the expression level of selected antiapoptotic factors. UKF-NB- 
III, and UKF-NB-3
r RITA 10 mM IV cells, using three biological replicates for each cell line. In general, nutlin-3-adapted cells showed a larger number of statistically significant gene expression changes compared with the parental line than the RITA-adapted cells (Table 4 ). The numbers of differentially expressed genes were 6465 for the comparison UKF-NB-3 versus nutlin-3-adapted sub-lines and 1495 for the comparison UKF-NB-3 versus RITA-adapted sub-lines (false discovery rate (FDR) o0.05 after correction for multiple testing). Also in the individual comparisons of the drug-adapted cell lines versus UKF-NB-3, the nutlin-3-adapted cell lines showed generally higher numbers of differentially expressed genes (4831-6575) compared with the RITA-adapted lines (1985-3606). The only exception was UKF-NB-3 r Nutlin 10 mM II (2528 differentially expressed genes; Table 4 ).
In a hierarchical clustering analysis, the parental UKF-NB-3 cell line clustered together with the RITA-adapted cell lines whereas the nutlin-3-adapted cells formed a separate cluster (Figure 4) . Within the UKF-NB-3 and RITA-adapted cell cluster, UKF-NB-3 clustered together with UKF-NB-3 r RITA 10 mM II, the cell line with the lowest number of genes differentially expressed to UKF-NB-3. Looking at the correlation distances, the nutlin-3-adapted cells appear to be slightly more . 5363 genes were found to be differentially expressed (FDRo0.05) in at least one comparison of UKF-NB-3 versus RITA-adapted UKF-NB-3 cell line. In all, 2030 genes were differentially expressed between UKF-NB-3 and two RITA-adapted cell lines, and 663 genes between UKF-NB-3 and all three investigated RITA-adapted cell lines. A total of 8891 genes were differentially regulated between UKF-NB-3 and at least one nutlin-3-adapted UKF-NB-3 cell line, 5685 consistently between UKF-NB-3 and two nutlin-3-adapted cell lines, 3592 between UKF-NB-3 and three nutlin-3-adapted cell lines, and 1597 genes between UKF-NB-3 and all four investigated nutlin-3-adapted cell lines (Supplementary Table 5 ). 17.96% (1597/8891) of the genes differentially expressed between UKF-NB-3 and any of its , and UKF-NB-3 r RITA 10 mM cells nutlin-3-adapted sub-lines were differentially expressed between UKF-NB-3 and all four investigated nutlin-3-adapted sub-lines whereas 12.36% (663/5363) of the genes differentially expressed between UKF-NB-3 and any of its RITAadapted sub-lines were differentially expressed between UKF-NB-3 and all three investigated RITA-adapted sub-lines.
Discussion
The MDM2 inhibitor nutlin-3 has been shown to induce p53 mutations in different p53 wild-type cell types. 6, 7 In all, 13 out of 20 nutlin-3-adapted sub-lines of the wild-type p53 neuroblastoma cell line UKF-NB-3 harboured p53 mutations. 7 Here, we established 11 UKF-NB-3 sub-lines adapted to growth in the presence of RITA, a drug that interferes with the interaction of p53 and MDM2 by binding to p53. 2, 12 The chemical structures of RITA and nutlin-3 are shown in Supplementary Figure 1 . Ten sub-lines harboured wild-type p53, whereas the cell line UKF-NB-3 r RITA 10 mM IV harboured an A76T mutation that did not result in a loss of p53 function and remained sensitive to nutlin-3-induced anticancer effects and nutlin-3-induced p53 activation. In accordance, a previous study performed in a yeast system had shown that the transactivation capacities of A76T-mutated p53 do not differ from those of wild-type p53. 11 Thus, this mutation does not appear to result from a selective pressure favouring a loss of p53 function. These findings reveal a striking difference between two drugs that disrupt the Mdm2/p53 interaction with only nutlin-3 but not RITA promoting inactivating de novo mutations of p53.
A number of different factors may contribute to the observed differences in the potential of nutlin-3 and RITA to induce p53 mutations. RITA induces a p53 response in UKF-NB-3 cells but not in the RITA-adapted UKF-NB-3 sub-line UKF-NB-3 r RITA 10 mM indicating that development of resistance to RITA resistance involves the establishment of mechanisms that render RITA-resistant cells insensitive to RITA-induced p53 activation. Re-establishment of wildtype p53 expression in the G245C p53-mutated nutlin-3-adapted UKF-NB-3 sub-line UKF-NB-3 r Nutlin 10 mM had been shown previously to re-sensitise this cell line to nutlin-3. 7 Here, re-establishment of wild-type p53 expression in UKF-NB-3 r Nutlin 10 mM cells also re-sensitised this cell line to RITA further supporting a role of p53 activation in the anticancer activity of RITA in the investigated model.
In comparison to nutlin-3, however, RITA induced a less pronounced p53 response and the selection pressure towards mutant, non-functional forms of p53 might correlate with the extent of p53 activation. Moreover, RITA was shown to reactivate mutated forms of p53. 13 Although we did not detect p53 reactivation in G245C p53-mutated UKF-NB-3 r Nutlin 10 mM cells by RITA treatment, RITA may reactivate other mutant p53 forms and not favour their emergence and/or selection. Differences in the effects on other signalling pathways may also contribute to the observed discrepancies in the induction of p53 mutations. Although RITA targets p53 directly, nutlin-3 also interferes with the interaction of MDM2 and other molecules than p53. 14, 15 Only RITA, but not nutlin-3, interfered with the interaction of p53 and 53BP1 in a yeast assay. 16 Notably, although G245C p53-mutated UKF-NB-3 r Nutlin 10 mM cells showed some cross-resistance to RITA, higher RITA concentrations induced caspase-dependent apoptosis in this cell line. In previous studies, nutlin-3-adapted cancer cells consistently displayed a multi-drug-resistance phenotype and decreased sensitivity to irradiation. 7, 8 Here, all 10 investigated p53 wild-type and p53-mutated nutlin-3-adapted cell lines showed substantially decreased sensitivity to VCR and irradiation. In all, 9 out of 10 nutlin-3-adapted UKF-NB-3 sub-lines were also less sensitive to CDDP treatment than UKF-NB-3. In contrast, only 2 out of 11 RITA-adapted cell lines displayed a reduced sensitivity to VCR (although to a lesser extent than the nutlin-3-adapted cell lines) and only 3 to CDDP. Although the RITA-adapted UKF-NB-3 sub-lines were less sensitive to irradiation than UKF-NB-3, their radiation sensitivity remained substantially higher than that of the nutlin-3-adapted cell lines. In general, the multi-drug resistance phenotype observed in nutlin-3-adapted cells appears to be more similar to the resistance phenotype observed in cytotoxic drug-adapted cells than the low-level resistance found in RITA-adapted cells. Moreover, 2 out of 11 RITA UKF-NB-3 sub-lines regained sensitivity to RITA after cultivation for 10 passages in the absence of RITA, whereas all nutlin-3-resistant sub-lines remained nutlin-3 resistant. 
